Abstract A considerable number of literatures have been published on the behavior of end-plate connections in ordinary moment-resisting frames. It was found, experimentally, that this type of connection might act as either a fully-rigid or a semi-rigid connection depending mainly on the thickness of the end plate and the diameter of bolts. In recent years, due to their good ductility and their good ability of energy dissipation, extended end-plate connections are recommended to be widely used in special moment-resisting frames subjected to lateral loads. The purpose of this study is to investigate the effect of both the material and geometric properties of four-bolt extended end-plate connections upon their behavior when subjected to lateral loading. This is done through a parametric study upon a finite element model using the multi-purpose software package ANSYS. The parametric study takes into account 12 parameters which are expected to be effective on the behavior of the studied connection. The results are presented by the relation between the storey drift, which represents the rotation of the connection and the applied lateral load, which simulates the moment on the connection. The results verify that the chosen parameters are considered effective depending on the energy dissipation of the connection. All rights reserved.
Introduction
The global behavior of steel moment-resisting frames (MR) is greatly affected by the properties of the beam-to-column connections, especially in seismic zones. The traditional view is to use rigid and full strength beam-to-column connections in the steel MR frames in seismic areas. However, after the Northridge earthquake-California-1994, bolted connections which are generally semi-rigid and partially resistant have been extensively studied. A considerable number of literatures have been published on the seismic behavior of the extended end-plate connections which are the common type of bolted connections. The results show that it is a ductile connection and it has a good ability to dissipate energy safely when subjected to either seismic or cyclic loading. The ductility of the connection depends on the thickness of the end plate and the diameter of the bolts. Therefore, it is possible to design a connection that possesses sufficient ductility by selecting relatively thinner end plate and by bolts of large diameters.
Many researchers conducted experimental and theoretical programs to observe the behavior of extended end-plate connections under monotonic, cyclic, and seismic loads. Butterworth [1] used a full scale testing in order to investigate extended end-plate beam-to-column connections. It was found that the higher the loading on the connection the greater the distribution of stress into the beam web. Theoretically, Hasan et al. [2] presented a model of an unstiffened flush end-plate connection. In this model, welds, bolt heads, and column fillets were not included. It was assumed that their contributions to moment-rotation characteristics were insignificant. Machaly et al. [3] conducted a parametric analysis of steel, fully welded beam-to-column connection using the T-Stiffener to determine the effect of connection, geometric parameters on moment and stress distribution. Moreover, Migliozzi [4] conducted an analysis of partially restrained the steel frame using ANSYS software [5] . Sherbourne et al. [6] developed a methodology to evaluate analytically the moment rotation relationships for the steel bolted end-plate connections using finite element software. It was concluded that the preloading on bolts does not affect both the prying action and the distribution of the forces in the beam flange at the ultimate load. The bolt size, however, has significant effect on prying action. Kukreti et al. [7] investigated eight-bolt stiffened extended end-plate connections and developed a computer code to analyze their behavior under static loads in which the nonlinear material properties were considered. Sherbourne and Bahaari [8] investigated the four-bolt unstiffened extended end-plate connections using finite element software. They conducted 2D analysis using plane-stress elements. Later, they established a 3D model. In their new model, plate elements were used to model the endplate, beam, and column; bolt head and nut were modeled using eight-node isoparametric solid elements; each bolt shank was modeled using six bar elements; and interface elements were used to model the interaction between column flange and end-plate. In both models, bolt pretension was not considered. Krishnamurthy [9] mentioned that there was a major shortcoming with regard to the previous Sherbourne and Bahaari [8] 3D model. He mentioned that plate or shell elements could not accept or develop ''through-thickness'' effects perpendicular to the neutral face of the plate. Furthermore, the ''through-thickness'' effect in the plates could be very dominant especially when the bolts were pre-tensioned. Sherbourne and Bahaari [8] extended their research on end-plate connections using the same 3D model as they previously used except that pre-tensioned bolts were considered instead of hand-tightened bolts. Distribution of contact forces and stress contours in end-plate was presented graphically. Mays [10] examined the seismic response of previously conceived end-plate configurations and proposed a design procedure for a new end-plate configuration called 16-bolt extended stiffened (16ES) that can satisfy the current code requirements. The results of this computational study were validated by a direct comparison with numerous experimental tests performed at Virginia Tech. Zhou [11] developed a three-dimensional finite element model to simulate the behavior of eight-bolt stiffened beam-to-column end-plate connections. Different approaches were used to simulate the bolt-pretension. The three-parameter power model was chosen to represent the moment-rotation behavior of the connections.
In this study, an extensive parametric study, using the finite-element modeling package ANSYS, is done to investigate the effect of both the material and geometric properties of four-bolt extended end-plate connections, shown in Fig. 1 , upon their behavior when subjected to both monotonic and cyclic loading.
Finite element models
In this study, the finite element package ANSYS [5] is used to perform the analysis. The following sub-sections present the detailing of the finite element model proposed [12] .
Element types
Four-node plastic large strain shell element (SHELL43) is used to model beam, column, end-plates, stiffeners and doubler plates. Additionally, 3D solid element with 8-nodes (SO-LID45) is used to model bolt head and nut. Since head and nut stay in contact with their connecting plates through all the load steps, they are defined as continuous with both column flange and end-plate nodes, respectively (i.e., bolt head and nut brick elements share one of their faces with column flange and end-plate, respectively). The bolt shank is modeled using six 3D spar elements connecting the farthest corner nodes of head and nut to each other (LINK8). Using six spar elements to model the bolt shank allows finding the magnitude, distribution, and the direction of the bolt force within the section. This is especially important for thin end-plates in which the bolts in tension undergo considerable biaxial bending. The effective area of the bolt is split equally among the above spar elements. It has to be noted that the spar elements will carry only the axial forces (tension or compression). Any shear on the interface between the end-plate and the column flange will be transferred through the friction allowed by the contact elements. 3D point-point contact element (CONTAC52) is used to model the contact between the end-plate and the adjacent column flange with the coefficient of friction equal to 0.3 and interface stiffness equal to 175 t/cm [13] . Only the corner nodes of elements are connected. A coefficient of friction is defined for the sliding resistance while the interface is closed. Thus, The CONTAC52 element (gap) will act only in compression producing the axial compressive force in the element and it will transfer the shear through the friction. Whenever the axial tension exists, the element will break and the sliding between the two surfaces will occur (no shear transfer). Fig. 2 presents the main components of the connection and its associated element types.
Fine element mesh is used for joint components, i.e., end plate, bolts, panel zone, doubler plates and continuity plates and a coarser mesh in the remaining areas. To reduce the size of the model and the subsequent processing time, symmetry was employed. Fig. 3 shows the elements of the meshed connection and the main dimensions of the connection.
Material modeling
The von Mises yield criterion with isotropic hardening rule is used to model the steel components. The steel stress-strain Figure 2 Main components of the end-plate connection and its associated element types. relationship is elasto-plastic (bilinear curve) with strain hardening equal to 5%. The steel grade used is 36/52 while the bolts are high strength bolts of grade (10.9).
The behavior upon further yielding is predicted by the ''flow rule'' and ''hardening law''. The associative flow-rule for the von Mises yield criterion, i.e., Prandtl-Reuss flow equations is used along with the hardening of the steel sections and bolts to model the Bauschinger effect. Kinematic hardening is assumed for modeling of the steel connection assuming that the yield surface only transfers in the direction of yielding and does not grow in size.
Loading
In the analyzed beam-to-column connection, the beam is subjected to a uniformly distributed load. Furthermore, the column is axially loaded at its top tip with an additional horizontal displacement, d, which represents the lateral displacements resulted from an earthquake. The load was applied both monotonically and cyclically. When the model is loaded cyclically, it follows the load history as shown in Fig. 4. Fig. 5 shows an approach for loading an interior beam-to-column connection. It is assumed that boundaries of the models are the points of inflection (zero-moment points). These points are assumed to be at mid-height and mid-span of columns and beams, respectively, which is a traditional assumption. The lower half-column end is a pinned support while the upper half-column end is free. The ends of both half-beams, at both sides of the column, are taken as roller supports along the beam axis.
Boundary conditions

Parametric study
An extensive parametric study is carried out to examine the effect of both the material and the geometric properties of the connection upon the response of the four-bolt end-plate connections. The studied parameters include: dimensions of beam, column, end plate, doubler plate, continuity plate, stiffener, the diameter of the bolts and their layout, grade of the steel sections and grade of bolts, and the different types of the applied loads. Table 1 shows the initial dimensions for the studied connection by which the parametric study was started. Then, the dimensions are modified to study the selected parameters.
Numerical results
Effect of beam dimensions
Figs. 6-9 show the relation between the storey drift (connection rotation) and the applied lateral load in the case of monotonic loading and cyclic loading for b bf /t bf ratio and d bw /t bw vary from 7 to 22 and 10 to 60, respectively. These limits were chosen to cover all the steel cross sections in ECPSC-2008 [14] .
Figs. 6 and 8 show that, for monotonic loading, decreasing b bf / t bf ratio and d bw /t bw ratio lead to decreasing in the storey drift of the connection which is corresponding to increasing of the initial stiffness of the connection. In other words, for the same storey drift, the greater the ratios b bf /t bf and d bw /t bw , the lower the corresponding loads. In Figs. 7 and 9 , when the connection is loaded cyclically, decreasing the ratio b bf /t bf and the ratio d bw /t bw causes a slight increase in the energy dissipated by the connection (areas of the cycles), for the same ductility (storey drift). Behavior of four-bolt extended end-plate connection subjected to lateral loading
Effect of the beam length, L
The beam length, L, is chosen to be varied from 400 to 1000 cm. Fig. 10 depicts that increasing the beam length causes an increasing of the storey drift (decreasing of the initial stiffness of the connection). Also, decreasing the beam length causes an increasing of the ultimate load of the connection. It means that for the same storey drift, the longer the beam, the smaller the corresponding load. Cyclically, decreasing the beam length causes a slight increase in the energy dissipated by the connection for the same storey drift (ductility) Fig. 11 .
Effect of column dimensions
The column dimensions are simulated by the ratios b cf /t cf and d cw /t cw . The ratios are chosen to be varied from 7 to 22 and 10 to 60, respectively. The results show that the dimensions of the column flange are very effective upon the behavior of the con- 
Effect of the column height, H
As shown in Fig. 16 , the column height varies from 300 to 600 cm. The results show that decreasing the column height causes very much the decreasing of the storey drift (much increasing of the initial stiffness of the connection). Also, decreasing the column height causes a much increasing of the ultimate load of the connection. Cyclically, Fig. 17 shows that with decreasing the column height, the strength of the connection increases, while its storey drift (ductility) decreases, which makes the cycles areas fairly unchanged.
Effect of end-plate dimensions
Effect of bolt layout
The bolt layout parameter, shown in Fig. 3 , is represented by the horizontal center line to center line distances (gages) between the bolts (g o and g i ) and vertical center line to center line distances (pitches) between the bolts themselves (P b,e and P b,i ) and between the bolts and the beam flange (P f,e and P f,i ). The results show that the effect of the inner gage, g i , is negligible upon both the storey drift and the applied load and cannot be observed easily. Cyclically, the variation of this parameter led to identical curves. Also, the effect of bolt pitches P f,e , P f,i , P b,e and P b,i makes approximately no effect either monotonically or cyclically.
Effect of end-plate dimensions
The effect of end-plate width, b ep and depth, d ep , can be considered negligible either on the connection loaded monotonically or cyclically. The end-plate thickness, t ep , is considered to be the most important end-plate dimension. The thickness is chosen to vary from 1.0 to 7.5 cm. The results show that increasing the end-plate thickness causes a decrease in the storey drift (joint rotation) of the connection, as shown in Fig. 18 . Also, for the same storey drift, the greater the thickness, t ep , the higher the required load. Fig. 19 shows that for cyclically loaded connections and for the same ductility (storey drift), increasing the end-plate thick- ness leads to the increasing of the energy dissipated (areas of the cycles) by the connection.
From the results obtained, two important notes are recognized; the first is that the rate of increasing of the energy dissipated by the connections is not fairly proportional to the rate of increasing for end-plate thickness. The second is that, for t ep P 4.5 cm, the increasing of the energy dissipated by the connections can be considered negligible. As a result, end-plate thickness, for the purposes of convenience, is preferable only to satisfy the requirements of the stiffness and strength of the connections knowing that its effect upon the connection ductility is small. Also, according to the results obtained in this parametric study, end-plate of thickness t ep > 5 cm can be considered as a non-ductile element.
Effect of bolt diameter and bolt grade
Increasing the bolt diameter decreases the storey drift and increases the ultimate load of the connection. However, as shown in Fig. 20 , this effect is very small and can be considered negligible. Moreover, changing of the bolt grade has, approximately, no effect upon both the storey drift and the ultimate load of the connection. This may be due to the fact that the failure in the connections was not due to bolts failure. Also, for the cyclically loaded joints, no real effect was found for changing of both bolt diameter and bolt grade.
Effect of continuity-plate thickness, t cp
Continuity plates adding to the column flanges determine the boundaries of the panel zone. Generally, increasing the thickness of the continuity plates decreases the storey drift (rotation) of the joint or increases the corresponding required load. However, as shown in Fig. 21 , this effect can be considered negligible either the connection is loaded monotonically or cyclically except for t cp P 1.5t bf .
4.8. Effect of doubler-plate thickness, t dp Doubler-plates are stiffeners for the column web of the beamto-column connections. It may be put either on one side or on the two sides of the column web. In this study, doubler-plates are put on both sides of the column web and the thickness used here is the total thickness of the doubler-plates at the two sides of the column web. It is supposed to be of great importance for the behavior of panel zone, in particular, and for the whole joint, generally. Figs. 22 and 23 represent the load-rotation curves for the studied connections loaded monotonically and cyclically, respectively.
The thickness of the doubler-plate has, approximately, no effect upon the initial stiffness of the connections. This means that it will be effective only in the plasticity zone. After yielding of the joint, increasing the doubler-plate thickness decreases the storey drift (rotation) of the joints and increases the applied load required for the same storey drift. Also, increasing the doubler-plate thickness increases the energy dissipated by the joints for the same storey drift (rotation), Fig. 22 . With the respective increasing of the doubler-plate thickness, the corresponding rate of decreasing for the storey-drift decreases. This is more obvious in the cyclically loaded connections, Fig. 23 . As a result, the effect of the doubler-plate thickness is seemed to be negligible for t dp P (1.5 fi 2)t cw . 
Effect of steel grade
The steel grade is one of the most effective parameters that affect the behavior of the connections. For connections loaded monotonically, the change of the steel grade from mild steel to high strength steel does not affect the initial stiffness of the connections, Fig. 24 . However, the great effect of the steel grade change appears in the post-yield stage. In the post-yield (plasticity) stage, increasing the steel grade decreases, greatly, the storey drift (rotation) of the connection as shown in Fig. 24 . Also, increasing the steel grade, for the same storey drift, requires much more applied load. When the connections are loaded cyclically, Fig. 25 , increasing the steel grade increases, considerably, the energy dissipated by the connections.
Effect of the uniformly distributed load on the beam (w)
The uniformly distributed load on the beam is considered as one of the parameters that affect the behavior of the steel frames, either for one storey or for multi-storey frames. However, for beam-to-column connections loaded monotonically or cyclically, this parameter seems non-effective although w increases from zero to 0.08 t/cm.
Effect of the axial force in the column (P c )
One of the most important effects upon the global behavior of the steel frames is the P À D effect, which relates the axial force in the columns and its corresponding displacement. However, when studying, locally, the effect of column axial load upon the behavior of a connection loaded laterally, as shown in Fig. 26 , the change of the value of the axial load in the column has approximately no effect upon the initial stiffness of the joints. This change is effective only in the post-yield stage. In the post-yield stage, increasing the axial load in the column causes an increase in the storey drift and a decrease in the ultimate load of the connection. Also, for the same storey drift, increasing the axial load in the column requires a less applied lateral load.
For connections loaded cyclically, the change in the amount of energy dissipated by the connection is not clear. It seems that the area of the loading cycles (energy dissipated by the connection) approximately remains unchanged as shown in Fig. 27 .
Conclusions
Extended end-plate connections are widely used in the steel frames exposed to seismic or cyclic loads. It exhibits the stiffness, the strength and the ductility required for connections in seismic zones. In the four-bolt extended end-plate connection, the studied connection, a minimum storey drift value of 5% was reached which means a ductile behavior. Also extended end-plate connection has an increasing dissipating energy with the increasing of the loading time which is more advantageous.
A parametric study was made to investigate the effect of both the material and the geometric properties of the extended end-plate connections. The parameters that are considered as effective upon the energy dissipation of the joints are: the ratio between the width of the column flange to its thickness (b cf /t cf ), the ratio between the depth of the column web to its thickness (d cw /t cw ), the thickness of the end-plate in the limit t ep 6 5 cm, the thickness of the doubler plate in the limit t dp 6 (1.5 fi 2)t cw , the grade of steel. The geometry of the connected beams has a small effect that can be considered as neglected. Other material and geometric parameters has small no effect upon the energy dissipation of the connection.
